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Abstract
Calculations of heavy quark and charmonium hadroproduction are presented in the
k⊥-factorization approach. The resulting differential cross sections are compared to
experimental values and NLO collinear predictions. The application of the full effec-
tive Fadin-Lipatov-qq¯-production-vertex has an important influence on the results
and in particular leads to a strong suppression of certain color octet contributions
which are related to the outstanding problem of the production of polarized J/Ψ.
1 Heavy quark production
At very high energies
√
s → ∞ in the small-x-region the Multi-Regge-Kine-
matics (MRK) respectively the Quasi-MRK (QMRK) is an especially suited
approximation for the calculation of lepto- and hadroproduction cross sections.
We consider the central heavy quark-antiquark-hadroproduction process in
figs. 1,2 and choose the frame where the proton momenta are given by
P+1 ≡ P 01 + P 31 = P−2 =
√
s, P−1 = P
+
2 = P
⊥
1,2 = 0.
In the QMRK we have then an almost transverse momentum transfer t1,2 ≈
q21,2⊥ and for the t-channel momenta the relations
q+1 >> q
+
2 , q
−
2 >> q
−
1 ,
but in general no strong ordering of the momenta of the produced heavy
quark and antiquark k1 ≈ k2. This kinematics corresponds to the production
⋆ This talk is based on results obtained in collaboration with R. Kirschner, A.
Scha¨fer, L. Szymanowski and O.V. Teryaev.
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Fig. 1. Production of a qq¯-cluster in QMRK
of a qq¯-cluster with finite invariant mass and therefore makes the produc-
tion of a qq¯-bound state possible. The associated factorization scheme is the
k⊥-factorization and the particles in the t-channel are allowed to have finite
transverse momenta. The cross section for the inclusive hadroproduction of a
qq¯-pair at very high energies where gluon exchange dominates is then given
by [1,2]
σP1P2→qqX =
1
16 (2π)4
∫
d3k1
k+1
d3k2
k+2
d2q1⊥d
2q2⊥δ
2 (q1⊥ − q2⊥ − k1⊥ − k2⊥)×
F (x1, q1⊥)
(q21⊥)
2
(ψc2c1)† ψc2c1
(N2c − 1)2
F (x2, q2⊥)
(q22⊥)
2
. (1)
The most important parts of this equation are the hard scattering amplitude
Fig. 2. qq¯-production in k⊥-factorization
ψc2c1 and the unintegrated gluon distribution function F (x1,2, q1,2⊥), where
the longitudinal momentum fractions are defined as usual, x1 ≡ q+1 /P+1 and
x2 ≡ −q−2 /P−2 . Due to the QMRK the gluons are off-shell and longitudinal,
which corresponds to the replacement gµν ≈ 1/(2s)P µ2 P
ν
1 e.g. for the nu-
merator of the upper gluon propagator. The use of the QMRK and off-shell
gluons together with the requirement of gauge invariance determines the qq¯-
production amplitude ψc2c1 in terms of the NLLA BFKL production vertex
Ψc2c1, which is explicitely given by Fadin and Lipatov in [3]
Ψc2c1 ≡ Ψc2c1−+ = −g2
(
T c1T c2b−+(k1, k2)− T c2T c1b−+T (k2, k1)
)
,
2
Fig. 3. Bottom quark production
where the function b−+(k1, k2) is defined through
b−+(k1, k2) ≡ γ− 6 q1⊥− 6 k1⊥ −m
(q1 − k1)2 −m2
γ+ − γβΓ
+−β(q2, q1)
(k1 + k2)
2
, (2)
and a very similar equation holds for the crossed contribution b−+T (k2, k1).
Equation (2) includes in the second part on the right hand side the effective
gluon-production-vertex
Γ+−β(q2, q1) = γ
+−β(q1, q2) +
{
−2t1 n
−β
q−1 − q−2
+ 2t2
n+β
q+1 − q+2
}
. (3)
The first term of the right hand side of this equation is the standard three-
gluon-coupling, while the second term in curly brackets is an additional part
which is essential for gauge invariance. The function Γ+−β(q2, q1) satisfies the
Ward-Slavnov-indentity (q1−q2)βΓ+−β(q2, q1) = 0, and gauge invariance leads
to the vanishing of the amplitude ψc2c1 = u¯(k1)Ψ
c2c1−+v(k2)
q1/2⊥→0−→ 0 in the
limit of vanishing transverse momentum.
In order to be able to perform a reasonable comparison to experimental data
we use the unintegrated gluon distribution function F (x, q⊥) which has been
calculated in [4]. The authors extracted F (x, q⊥) from a fit to F2 data and
obtained an excellent χ2/NDOF with the use of the following integrated gluon
distribution at an input scale of Q20 = 1 GeV
2
xg(x,Q20 = 1GeV
2) = 1.57(1− x)2.5 (4)
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Fig. 4. bb¯-correlations
which enters the calculation through the relation
g(x,Q2) =


Q2
0∫
0
+
Q2∫
Q2
0

 dk2⊥F(x, k
2
⊥)
k2⊥
= xg(x,Q20) +
Q2∫
Q2
0
dk2⊥
F(x, k2⊥)
k2⊥
. (5)
For a correct treatment of the region of small transverse gluon momenta
|q2⊥| < Q20 we have to modify the cross section formular (1) in a way which is
compatible with equation (5) and the vanishing of the amplitude in the limit
q1/2⊥ → 0, for details see [2]. Our result for the production of a single bottom
quark is shown in fig. 3 in comparison to data from the Tevatron collider [5]
and NLO calculations in the collinear approach. The error band is due to a
simultaneous variation of the bottom quark mass 4.5 GeV < mb < 4.9 GeV
and the fundamental scale 100 MeV< λ
nf=5
QCD < 180 MeV, while the scale de-
pendence of the coupling constant αS(µ
2) is chosen to be µ2 =
∣∣∣q21,2⊥
∣∣∣ +m2.
We find in contrast to the NLO collinear calculation a good agreement be-
tween the k⊥-factorization prediction and the experimental values over the
whole range of k1⊥. Likewise important is the comparison to measurements of
bb¯-correlations [6] in fig. 4. Allthough the cross section (1) is only of LO in αS,
the k⊥-factorization together with the effective production vertex and off-shell
gluons gives a very good despription of the data which lie about a factor of 3
above the NLO collinear result.
2 Charmonium production
Motivated by the results for heavy quark production we now pass over to
the hadroproduction of charmonia which is a far more controversial subject
[7,8]. We consider the production of the χc, which is a
3PJ -state and the J/Ψ,
4
Fig. 5. χc-meson-production
which is a 3S1 state in the framework of the non-relativistic-QCD (NRQCD)
approach and have therefore to include the color singlet and color octet contri-
butions to the final color singlet bound states. The calculation is again based
on the cross section formula (1) and the unintegrated gluon distribution from
[4]. The details of the calculations and the binding mechanisms cc¯→ χc, J/Ψ
are explained in [9,10]. Because the color octet contributions depend linearly
on the so called color octet matrix elements (COME) which at the moment
cannot be calculated but have to be fitted to the data [11,12], the following
results should not to be seen as predictions of the corresponding differential
cross sections but are required in order to extract the sizes of the COME.
The results for the production of the J/Ψ from radiative χc-decay in the
k⊥-factorization are shown on the left side of fig. 5 together with experimen-
tal data from the Tevatron and a NLO collinear calculation. It is clear from
the figure that the 3S
8
1-contribution to χc is generally suppressed due to the
flat slope of the curve in comparison to the data. The flat curve originates
from the additional part of the effective vertex in equation (3) which contains
factors t1,2 ≈ q
2
1,2⊥ and leads to a strong suppression of the corresponding
COME with respect to the results from collinear calculations. Furthermore
the Landau-Yang-Theorem, forbidding the production of the χcJ=1-state in
LO collinear factorization, is not valid in our approach because the gluons are
off-shell. This becomes obvious in a rather impressive way on the right hand
side of fig. 5 where the individual χcJ=1- and χcJ=2-contributions are plotted.
Fig. 6 shows our results for direct J/Ψ-production in the k⊥-factorization
framework in comparison to data and the NLO color singlet collinear predic-
tion [10]. Although in this case the color octet contributions 3P
8
J ,
1S
8
0 play
an important role, the 3S
8
1-part is suppressed following the same reasons as in
the χc-production. This leads again to a strong reduction of the corresponding
COME 〈0| OJ/Ψ(3S81) |0〉 with respect to the collinear result. This in turn has a
definite influence on the production of polarized J/Ψ [10,13] and could clarify
the so far unsolved puzzle concerning the disagreement between recent exper-
imental results and the NLO collinear predictions of transversally polarized
charmonia [14–17]. This work was supported by the DFG and the BMBF.
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Fig. 6. Direct J/Ψ-production
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